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Abstract—Theinfluence of the shape of dust aerosol particlesin the Martian atmosphere on the imaginary part
of the refractive index n; as derived from photometric observations during the period of the highest activity of
the dust storm in 1971 was studied and exemplified for particles of spherical and oblate spheroidal shape. A
similar analysis was performed for mean particle radii r, and optical thicknesses 1, of the dust layer estimated

from polarization observations for periods of high atmospheric transparency. It was demonstrated that the val-
ues obtained for these optical parameters are affected by the adopted aerosol shape. Namely, the values of n;,

ro, and 1, found for spheroidal particles proved to be nearly twice as large as those for spheres. However, they
are still much less than the available estimates of these parameters inferred, in particular, from interpreting

space experiments. The reason for this difference needs further investigation.

INTRODUCTION

It has been demonstrated in our previous studies
(Dlugach and Morozhenko, 2000, 2001) that the sizes
of Martian dust particles, the imaginary parts of their
complex refractiveindex, and the optical thicknesses of
the atmosphere of Marsfor periods of its high transpar-
ency differ by a factor of ten or more if estimated by
different methods. A lot of explanations can be sug-
gested for this, in particular, the nonuniqueness of solu-
tions to inverse multiparameter problems, the use of
different assumptions about the shape of dust particles,
and so on. For example, amodel of spherical particles
was considered by Morozhenko (1974), Dollfus et al.
(1974), and Dlugach and Morozhenko (2000, 2001),
whereas Pollack et al. (1977, 1995) and Petrova (1999)
analyzed observational data assuming the aerosol to be
nonspherical. The goal of the present study isto try to
examine the influence of the aerosol shape on estimates
of the above-listed atmospheric optical parameters as
derived from analyzing surface polarization and photo-
metric observations. The gamma distribution

f(r) = conar(l'3b)’bexpg—aLU%, (1)

the lognormal distribution
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and the modified power law
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0, r>r,.

are used for a particle size distribution function.

r<r<r, (3)

IMAGINARY PART OF REFRACTIVE INDEX

The values of the imaginary part of the refractive
index n; obtained in our previous studies (Dlugach and
Morozhenko, 2000, 2001) for the range of wavelengths
from 0.260 to 0.717 um are given in Table 1. They are
based on measurements of the Martian visible albedo at
a phase angle a = 42° performed during the period of
the highest activity of the dust storm in 1971 (Aleksan-
drov et al., 1977; Caldwell, 1977). Now, we shall try to
evaluate how sensitive these estimates are to the choice
of particle shape. Remember that in the above-men-
tioned studies we used a model of a semi-infinite dust
layer consisting of spherical particles with the lognor-
mal size distribution (2). The real parts of the refrac-
tive index n, were taken from laboratory measure-
ments for basalt glass (Pollack et al., 1973) and are
also presented in Table 1. Such a choice was based on
the fact that, according to surface polarimetric obser-
vations, n, = 1.59 = 0.01 during the maximum of the
1971 dust storm (Dollfus et al., 1974). These estimates
are very close to the values of n, for basalt glass (1.57).
One can suggest that, if the refractive indices of the
Martian dust particles and of the above-mentioned min-
eral have similar real parts, their imaginary parts cannot

differ greatly. The measured valuesn’*? of the imagi-
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Table 1. Optical parameters of dust particles
A, pm 0.260 0.308 0.336 0.366 0.433 0.536 0.654 0.717
A(42°) 0.012 0.016 0.017 0.027 0.052 0.108 0.219 0.256
n 1.62 1.60 1.59 1.58 157 157 157 157
n; 0.0025 0.0013 0.0013 0.0010 0.00071 0.00038 0.00014 0.00010
nib = 0.068 0.020 0.0071 0.0023 0.00064 0.00046 0.00045 0.00058
n, 148 1.49 1.50 151 151 151 151
n 0.038 0.038 0.037 0.026 0.008 0.003 0.003

nary part of therefractiveindex for basalt glass (Pollack
etal., 1973) arealso givenin Table 1.

The visible albedo A(a) was calculated by the for-
mula

A@) = 2 [ [p(1 o, O)uitocosWdaidy,  (4)

| Ny NI
— NI

o

a2
where p(H, Mo, ¢) is the reflection coefficient of the
semi-infinite layer (calculated via the method sug-
gested by Dlugach and Yanovitskij (1974)), ¢ and w-
are the planetocentric coordinates related to p (the
cosine of the angle of reflection) and , (the cosine of
the angle of incidence of solar radiation) by the rela-
tions

Mo = cosycos(a—w'), )
M = cosycosw.

At the first stage, for a wavelength of 0.433 pm,
assuming that n, = 1.57 and that n, corresponds to
0.00071, which is the average value for basalt and
basalt glass (Pollack et al., 1973), we found that our
measurements and calculations agree best for r, = 4.5 um
and 62 = 0.2 in the lognormal law (2) (r.; = 7.4 pm,
Vi = 0.22 for the gammadistribution (1)). Then, by fit-
ting the measured and calculated values of A(42°, A)
for this radius, we found the spectral values of the
imaginary part of the refractive index ni(A). It can be
seen from the table that the obtained estimates of n; and
the corresponding values of the imaginary part of the
refractiveindex for basalt glass agreefairly well only in
the visible region of the spectrum; they are much less
consistent in the UV and IR ranges. This discrepancy
can, at least partly, be explained for the UV region by
the actually existing vertical stratification of cloud par-
ticles according to their size (Morozhenko, 19953,
1995b). The point is that in the optically thick atmo-
sphere diffusely reflected radiation is formed at some
effective optical depth T4, which is proportional to
[1 —oXM)]2. This means that, in the case of a dust
storm on Mars, when the visible albedo decreases con-

siderably with decreasing wavelength, the value of T
must also diminish with the decrease in wavelength;
i.e., thediffusely reflected ultraviolet radiation is gener-
ated higher in the atmosphere than the infrared radia-
tion. Asindicated by Morozhenko (1995a, 1995b), dur-
ing a dust storm the particle radius decreases with
height, and therefore the actual value of r, in the UV
region must be less than the value r, = 4.5 um, which
we obtained. Our neglect of this fact must certainly
result in an underestimation of theimaginary part of the
refractive index in the UV spectral region. However,
this explanation has nothing to do with our estimates of
n; for the IR region, sincein this case we would overes-
timate the values of the imaginary part.

In addition, we also presented in Table 1 for compar-
ison the values of real n, and imaginary n; parts of the

refractiveindex for the Martian dust particlesasderived
by Ockert-Bell et al. (1997) from analyzing observa
tions of the reflectance of the bright Amazonis area.
Notice a very great (of an order or more) difference
between the estimates obtained for the imaginary part
of the refractive index. One can naturally ask what this
results from. Note that a weak point of our study was
the application of the model of spherical particles, and
oneistempted to consider thisfactor responsiblefor the
difference obtained. Hereafter, we shall try (within the
limits of possibility) to estimate the influence of the
particle shape on the value of the imaginary part of the
refractive index.

A rigorous calculation of the elements of the light
scattering matrix for nonspherical particles with sizes
belonging to the so-called resonance region (that is,
covering the wavelengthsthat do not differ greatly from
the incident radiation) is a very complicated problem.
At present, the so-caled Waterman's T-matrix
approach (seeMishchenko et al., 1996 for details) isone of
the most devel oped and widely used toolsfor strict compu-
tations of scatering by such particles, and there is a corre-
gponding code available, which is freeware (Mishchenko
and Travis, 1998; http://Mww.giss.nasa.gov/@crmim). Tak-
ing into account the available computer facilities, we
adopted the following model of nonspherical particles: ran-
domly oriented oblate spheroids (the aspect ratio € = 2)
with sizes distributed according to the modified power
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law (3) at & = 3withr = 1.5 and v = 0.2 [for more
details concerning the choice of size distribution func-
tion in such computations see (Mishchenko et al.,
1996)]. The particle shape was chosen for two reasons.
(1) computations for such particles have been aready
performed (Petrova, 1999), and (2) from simulations of
dust storm processes on Mars Murphy et al. (1990)
concluded that dust particles of this shape can be con-
tained in the dust clouds.

As an example, in Fig. 1 we presented the first ele-
ments of the scattering matrix Fy; (the scattering phase
function) computed at n, = 1.50, n; =0.001, and A =0.35um
for scattering anglesy from 100° to 180° for the above-
mentioned spheroids (pluses) and for spheres (oblique
crosses) with similar parameters of size distribution
function. It can be seen that, for example, for y = 140°
(a =40°), the phase scattering functions differ by about
afactor of two. Therefore, it is interesting to examine
how this difference in the phase scattering functions
affects the reflective properties of the dust layer, in par-
ticular, a single-scattering albedo, and, consequently,
the imaginary part of the refractive index of dust parti-
cles. Comparing the observational results for A(42°, A)
(thefirst row in Table 1) with the values of the Martian
visible albedo (in the model of the semi-infinite dust
layer) calculated for the adopted model of spheres and
spheroids, we obtained the spectral values of single-
scattering albedos w®, w® and of imaginary parts of

the refractive index n™ (for spheres) and n{® (for
spheroids) in the spectral range 0.366-0.717 um, which
are presented in Table 2. It can be seen that the imagi-
nary parts also differ, as a maximum, by about afactor
of 2. In addition, we used (4) to calculate the values of
A(a) a a = 0° 10°, 20°, 30°, and 40° for the above-

mentioned model of spheroids (n™™®® = 0.001) and
spherical particles with different n, and then found at
which values of theimaginary part n; the values of A(a)
for the spherical particles are equal to those obtained

for the spheroids (at n™"°® =0,001). It turned out that

a, deg 0 10 20 30 40

spheres
i

n 0.0016 0.0025 0.0017 0.0008 0.0007

We can see that in this case the imaginary parts for
spheres and spheroids differ by afactor of 2.5 asamax-
imum.

Thus, considering spheres and spheroids, we can
conclude that the shape adopted for dust particles is
important in estimating the imaginary part of their
refractive index from observations of the visible albedo
of Mars. However, its effect is not strong enough to be
responsible for the difference of an order of magnitude
or greater, which is precisely the difference that was
found between the imaginary parts obtained by Pollack
et al. (1995), Ockert-Bell et al. (1997), and Dlugach
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Fig. 1. Scattering phase functions calculated for spheres
(oblique crosses) and oblate spheroids (pluses) distributed
in size by the modified power law (3) for A = 0.35 um at
ne= 150, n = 0001, Mo = 15, Veff = 0.2.

and Morozhenko (2001) (see Table 1). Unfortunately, it
is difficult to predict the behavior of larger particles.
However, the computations performed by Mishchenko
et al. (1996) for oblate spheroids with X.; (X =
210 ¢/A) varying up to 30 demonstrate that in the large-
size region the difference between the scattering phase
functions for spheres and for spheroids is nearly con-
stant for scattering angles from 130° to 150°. We want
to emphasize once more that, as stated above, a rigor-
ous calculation of the elements of the scattering matrix
for polydisperse systems of nonspherical particles with
sufficiently large effective sizes is a very complicated
problem, and, so far, its solution isimpossible in many
Cases.

In closing this section, let us mention that the same
observational dataon A(42°, A\) were used by Dlugach
(1978) in order to find, in particular, the imaginary part
of the refractive index. A model of a semi-infinite dust
layer consisting of spherical particles with ry = 10 pm
was adopted, but the scattering phase function for this
system of particleswas corrected (for scattering angles

Table 2. Imaginary part of refractiveindex for dust particles
with a modified power law size distribution at rg; = 1.5 pm
and n, =1.50

A, pm |0.366 | 0.433 | 0.536 | 0.654 |o.717

Spheres
wd | 073 | 084 | 0925 | 0979 |0.985
n® | 0009 | 0004 | 0.0015 | 0.0004 | 0.00027
Spheroids
w®@ 061 | 0.76 0.89 0.968 | 0.979
n® | 0020 | 0.0072 | 0.0025 | 0.0006 | 0.0004
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from 100° to 180°) so that the cal cul ated phase function
gave the best possiblefit to the function observed on the
Mariner 9 spacecraft in November 1971 in the photo-
metric band V (Thorpe, 1973). Namely, the corrected
phase scattering function did not demonstrate a strong
backscattering typical of spherical particles. Eventu-
aly, it was obtained that 10 > n; =5 x 107 in the spec-
tral range 0.360-0.717 um; the values are close to our
estimates presented in Table 1.

PARTICLE RADIUS AND OPTICAL THICKNESS
OF DUST LAYER DURING PERIODS
OF HIGH ATMOSPHERIC TRANSPARENCY

Minimum values of the dust particle radius and of
the optical thickness of the layer for the clear Martian
atmosphere were obtained from the results of polariza-
tion measurements (Morozhenko, 1969, 1974) using a
model of spherical nonabsorbing particles with a spec-
trally invariablereal part of therefractiveindex. It was
assumed in the papers cited above that the angle of

polarization inversion for the underlying surface o is

independent of the wavelength, and a reduction of the
angle of inversion observed in the short wavelength
region of the spectrum (A < 0.450 um) is associated
only with atmospheric scattering. For an optically thin
layer of gasand aerosols (that is, with allowance for the
first-order scattering only) the following expression is
true for the product of polarization P by the visible
planetary albedo A:

B(a,A) = P(a, A\)A(a, \)

= -2 1600 Qu(r- ) + (1-B(V)

w2 w2 uu
X Qu(Ti— a)] do [ —> (6)
o .[[/2 J. u * lJ'O

{1 exp[y—rO O%}COSUJONJ—-QS(G A)
/2 2

X dw [ Heexp —rODl cosdy,
J f e

o-T1/2

Here, Qg isthe second element of the scattering matrix
in the Rayleigh case, Q, is the second element of the
scattering matrix as calculated for the given refractive
index and size distribution function of the particles, and
Q. is the second element of the Stokes vector for the
surface. Moreover,

T,(\)

B(A) = NOEEAD)

@)
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wo(A) = 1 ®)
Dl
1+ - Ha- B)
Ge(V)
o) = B ©)

where gs(A) and g¢(A) are the scattering and extinction
coefficients for the polydisperse medium, and 1, and T,
are the optical thicknesses for gaseous and aerosol
components of the atmosphere. Obviously, the second
term in formula (6) vanishes at the inversion point.

Morozhenko (1974) used observations of B(a, A)
obtained at a = 25.4° (in the vicinity of the assumed
position of the inversion point for the Martian surface)
for the spectral range 0.225-0.450 pm. Given the mea-
sured value of B(25.4°, 0.225 um), such values of n,
B(25.4°, 0.225 um) = B,, and the particle radius were
chosen for the fixed atmospheric pressure that allowed
the best description of the spectral variations of
B(25.4°, \). As aresult, it was found that, at a pres-
sure of 6 mbar near the Martian surface, n,=1.5-1.6,
B, = 0.57-0.61, and the geometric mean of the radii
for the lognormal particle-size distribution law r, =
0.051-0.047 pm at 6% = 0.1, which correspondstor . =
0.065-0.060 and v, = 0.11 for the gamma distribution.

At present, we repeated this study assuming that the
refractive index of dust particles varied over the spec-
trum. Namely, we used the real part of the refractive
index provided by Pollack et al. (1973) and took the
values that we obtained for the maximum of the
1971 dust storm for the imaginary part. The adopted
values of n, and n; for the wavelengths under consider-
ation are given in Table 3. The optical thickness of the
gaseous component T, was taken to be equal to 0.02 for
awavelength of 0. 338 um. For other wavelengths, this
thickness was determined using the T4(A) ~ A~ law,
neglecting the spectral dependence of the gas refractive
index. At thefirst stage, we considered the spheres with
sizes distributed by lognormal law (2) witho?> = 0.2. A
choice of parametersr, and 3 was made at aphase angle
of 25.4°. Firgt, for the wavelength A = A, = 0.225 pm,
we found, using (6)—(9), such values of r, and 3(A,) for
which  |B.o(25.4%)-B, .. (254°))(B,.(25.4°) < 0.1.
Then, these r, and B(A,) were utilized to calculate
B(25.4°) for other wavelengths. For this purpose, we
used (6)—(9) and the following relation:

1
1-B(o) M) (A
B(Ao) Ax(Ao)TAJ

Finally, from the entire set of r, and B(A,), we selected
those values of the geometric mean of the radii r, and
B, for which the value of |B,,;.(25.4°, A) — Bye,(25.4°,
MN)I/Baes(25.4°, ) was minimal for all the wavelengths
considered.

B(A) = (10)

1+
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A, pm 0.225 0.353 0.376 0.390 0.412 0.434

ne 1.66 1.58 1.58 1.58 157 157

n 0.0030 0.0011 0.0010 0.0009 0.0008 0.0007

Spheres (ro = 0.025 um, 62 = 0.2)

B® 0.490 0.408 0.396 0.389 0.388 0.380

i) 0.200 0.0392 0.0318 0.0280 0.0224 0.0187

) 0.102 0.0232 0.0192 0.0171 0.0137 0.0116
Spheroids (ry = 0.04 um, 02 = 0.2, £ = 2.0)

B 0.490 0.324 0.302 0.293 0.284 0.271

P 0.200 0.0496 0.0417 0.0374 0.0307 0.0263

2 0.102 0.0336 0.0291 0.0265 0.0220 0.0192
Spheroids (ro = 0.05 pm, 62 = 0.2, £ = 2.8)

B 0.490 0.291 0.268 0.256 0.245 0.231

¥ 0.200 0.0552 0.0472 0.0427 0.0356 0.0309

¥ 0.102 0.0392 0.0346 0.0318 0.0269 0.0238

Eventually, we found the geometric mean of the
radii r, = 0.025 pm, which corresponded to r = 0.041
pm and v = 0.22 for the gammadistribution (1). Table
3 demonstrates the obtained spectral values of B(A),
ToA) =T4A) + T,N), and T4(M) (they are denoted by B,

™, and 1) for a pressure of 6 mbar at the Martian

surface.

Further, we considered a model of oblate spheroids
with the values of the real and imaginary parts of the
refractiveindex of dust aerosol and o2 identical to those
for spheres. For such particles (applying the same
method as for spheres), we found r, to be equal to
0.04 um (r. = 0.066 um) at the spheroid axes ratio
€=2.0and r,=0.04-0.05 pm (r.; = 0.066-0.082 um)
at € = 2.8. Table 3 also demonstrates the values of (3, T,

and T,\\) (B?, T2, and 12 atr,=0.04pmande = 2.0

and B, 1, t?  and t? atr,=0.05 pmande = 2.8).
As aresult, one can see that for dust particles of oblate
spheroidal shape the values of both r, and 1, are some-
what larger than those for the spherical particles; how-
ever, they are still much less than the corresponding
values obtained, for example, by Pollack et al. (1977,
1995).

To check the validity of the estimates obtained for
the optical parameters, we used (6) to calculate the
phase curves of polarization P(a, A) = B(a, A)/A(a, A)
for wavelengths of 0.355, 0.373, 0.413, and 0.459 pm.
The visible albedos A(a, A) were taken from observa-
tionsreported by Irvineet al. (1968). Finding thevalues
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Of QS((X’ )\) (QS(G’ )\) = _A(G’ )\)P(a’ )\)) appearlng in
(6) was based on the following approximations:. (1) we
assumed that Q4a, A) was independent of the wave-
length; (2) we chose awavel ength of 0.504 pm because
for such awavelength the influence of the atmospheric
component could still be ignored and the optical heter-
ogeneity of the underlying surface is already of little
importance; (3) we used the measurements of QJa, A)
(Irvineet al., 1968) and P(a, A) (Morozhenko, 1975) to
calculate Q(a, A) at thiswavelength. One can judge the
admissibility of the assumption of the wavelength-
independent Q4a, A) by the data presented in Fig. 2,
where the observations of P(a, A) (Morozhenko,
1975) at wavelengths of 0.620 and 0.720 um are
shown by dots, and the calculated values of P(a, A) =
—Q4a, 0.504 pm)/A(a, A) are denoted by pluses.

The observed phase curves of polarization (see
Morozhenko, 1964, 1966, 2000) and the calculated
phase curves for wavelengths of 0.355 and 0.413 pum
(the scale on the right), as well as for 0.373 and 0.459
pum (the scale on the left), are demonstrated in Fig. 3.
The observations are shown by dots, the calculations
for sphereswith r, = 0.025 um at 0% = 0.2 are presented
by oblique crosses, and the cal culationsfor oblate sphe-
roidsat € = 2.0, r, = 0.04 um, and o2 = 0.2 are denoted
by pluses. For phase angles less than 20°, the calcula
tion results for spheres and oblate spheroids are identi-
cal to within the accuracy of the figure. It can be seen
that the observed polarization agrees well with our cal-
culations performed for polydisperse systems of both
spherical and spheroidal particles. Taking into consid-
eration oblate spheroids resulted in a nearly twofold
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Fig. 2. Phase curves of the polarization of Martian radiation
for periods of high transparency of the atmosphere of Mars.
Dots correspond to observations; pluses show the calcula-
tionresultsby formulaP(a, A) =—Q4(a, 0.504 um)/A(a, A).

increase in both the mean radius and the optical thick-
ness of the dust layer; however, they still remained
much less than the estimates obtained, for example, by
analyzing measurements performed on the Viking 1/2
(Pollack et al., 1977, 1995) and Mars Pathfinder
(Markiewich et al., 1999; Tomasko et al., 1999)
landers.

In addition, we tried to check how well a modedl of
larger particles, considered, for example, by Petrova
(1999), agrees with surface polarization observations.
For this purpose, we adopted amodel of spheroidal dust
particles with size distribution obeying the modified
power law with r = 1.5 um, n, = 1.5, and n; = 0.001
(see the preceding section). For a wavelength of
0.353 um, we found that the minimum of |B,,,.(25.4°) —
Breas(25.4°)|/Byeas(25.4°) (it was found to be 0.27) is
attained at 3 = 0.8; that is, T, = 0.02 (1, = 0.004, respec-
tively). Note that similar small optical thicknesses (for
another model) were obtained by Tishkovets and Shku-
ratov (1982). Thus, the optical thickness found for the
dust layer proved to be even smaller than that for the
particles considered above. Thecirclesin Fig. 3 demon-
strate the calculated phase curve of polarization for
such particles at a wavelength of 0.355 um. It is clear
that they agree less well with the observations. From
our point of view, this can indicate that the model of
oblate spheroids with r ¢ = 1.5 um and n, = 1.5 cannot
be used for the interpretation of surface polarization
observations.

Thus, we have demonstrated that the choice of dust
particle shape affected the estimates of optical parame-
ters based on anayzing polarization and photometric
observations. The introduction of the model of spheroi-
dal dust particles resulted in increases in mean radii r,
and optical thicknesses 1, of the dust layer during the
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Fig. 3. Phase curves of the polarization of Martian radiation
in periods of high transparency of the atmosphere of Mars
for wavelengths of 0.355 and 0.413 um (the scale on the
right) and 0.373 and 0.459 pum (the scale on the left). Dots
correspond to observations; oblique crosses show calcula-

tion results for spheres with r, = 0.025um at 6 = 0.2;
pluses stand for calculations for oblate spheroids at € = 2.0,
ro = 0.04 pm, and 02 = 0.2; circles present the calculation
results for oblate spheroids at € = 2.0, ro¢ = 1.5 pm.

periods of high transparency of the Martian atmosphere
by a factor of approximately two as compared to the
model of spherical dust particles. The sameisalso true
for the estimates of the imaginary part n; of the refrac-
tive index as inferred from photometric observations
during the maximum of the dust storm in 1971. How-
ever, the obtained values of these optical parametersare
till much less than the corresponding estimates found
by other authors by analyzing the results of space
experiments. In our view, the cause of this mismatch
remains unclear and needs further consideration.
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